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METHOD AND APPARATUS FOR ENHANCING
THE RATE AND EFFICIENCY OF GAS PHASE REACTIONS

CROSS-REFERENCE TO RELATED APPLICATIONS
5 The present application is a continuation-in-part

of co-pending U.S. Patent Application Serial Ho. 08/947,287,
filed October 7, 1997 which is a continuation-in-part of U.S.
Patent Application No. 08/768,833, filed December 18, 1996,
the teachings of which are incorporated herein in their

10 entirety by reference.

Field of the Invention
The present invention is directed to a method and

apparatus for improving and maintaining the performance of

catalytic reactors and catalytic converters, particularly
catalytic reactors used in fuel cells for producing
electricity and vehicle catalytic convertors used to reduce
the emission of pollutants. More particularly, the invention
is directed to a method and apparatus where the improved
performance of the catalysts is achieved by producing highly
oxidizing free radicals, such as hydroxyl radicals, OH,

hydroperoxyl radicals, H02 , atomic hydrogen, H, and atomic

oxygen, O, and other active species, including related
oxidizing gaseous species, such as hydrogen peroxide, H202 ,

nitrogen dioxide, N02 , and ozone, 0 3 ,
by any means known in

the art, but preferably with a corona discharge, and

introducing these active species into the gas stream flowing
into and through a catalyst, such as the catalytic reactor
fuel reformer used to produce hydrogen gas from a hydrocarbon
fuel for use in a fuel cell, a catalytic combuster, or a

catalytic converter associated with an internal combustion
engine

.

BACKGROUND OF THE INVENTION
Heterogeneous catalysts have been shown to be

useful in enhancing the rate and/or efficiency of gas phase
reactions in a number of applications. These applications

20

25
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include emerging technologies, such as catalytic reactors or
fuel reformers that are used to produce hydrogen gas, H, , fror

hydrocarbon fuels, such as gasoline, natural gas, and
alcohols, as well as relatively mature technologies, such as

5 the catalytic convertors used to reduce the emission of
pollutants from automobile and truck engines. The
performance of heterogeneous catalysts may be severely
degraded by exposure to catalyst poisons, such as the sulfur
and phosphorous compounds that are found in varying amounts

10 in automotive fuels, such as gasoline. As gasoline is

expected to be used, at least initially, in automotive
applications of fuel cells, the possible poisoning of both
fuel cell catalytic reactors, automotive catalytic
convertors, and other catalytic combusters by fuel

15 contaminants is a major concern regarding the effectiveness
of these devices.

Fuel cells are electrochemical devices that convert
the chemical energy of a fuel directly into electrical and
thermal energy, and have been used for a number of years in

2 0 aerospace applications, such as the space shuttle, where
hydrogen and oxygen gas are combined to produce electric
power. In a typical fuel cell, a gaseous fuel, e.g.,

hydrogen, H2 , is fed continuously to an anode or negative
electrode compartment, and an oxidant, e.g., oxygen or an

25 oxygen containing gas, which is typically air, is fed

continuously to a cathode or positive electrode compartment.

The hydrogen and oxygen are combined at the electrodes,
producing water and an electric current. In addition to

water, fuel cells that utilize catalytic reactors to produce
3 0 hydrogen gas from hydrocarbon fuels also release carbon

dioxide, and may also release very small amounts of carbon
monoxide

.

Theoretically, a fuel cell is capable of producing
electrical energy for as long as the fuel and oxidant are

3 5 supplied to the electrodes. However, pure hydrogen is

difficult to store, particularly in a vehicle, and its use
may not be practical in many applications. In those cases, a



WO 00/04989
PCT/US99/J6402

catalytic fuel reformer may be used to produce hydrogen gas
from a hydrocarbon fuel, and, thus, the life and performance
of the fuel cell is limited by the performance and efficiency
of the catalytic reactor. As discussed above, if one or more

5 catalyst poisons are present in the fuel used to produce
hydrogen in the catalytic fuel reformer, the performance of
the reformer will be degraded, thereby reducing the
performance of the fuel cell.

In addition, fuel cells are sensitive to carbon
10 monoxide, and, thus, the amount of carbon monoxide is

typically minimized in the fuel gas by removal by the
catalytic reactor to achieve optimum efficiency of the fuel
cell. However, where the catalyst is contaminated or
poisoned, carbon monoxide will remain in the fuel gas after

15 passing through the catalytic reactor. Therefore, for the
fuel cell to function efficiently, the catalyst should be
substantially free of poisons that prevent the removal of
carbon monoxide from the fuel gas.

Similarly, in virtually all modern gasoline engines
2 0 used in vehicles, such as automobiles and light trucks, the

exhaust gases produced during combustion of fuel are conveyed
by an exhaust pipe to a catalytic converter where pollutants,
such as carbon monoxide (CO) , hydrocarbons (HC) , and oxides
of nitrogen (NO

s ) , are substantially converted to
25 non-polluting species, and, thus, are removed from the

exhaust gas. In addition, it is expected that catalytic
converters will soon be developed for use with diesel
engines. Most modern engines employ three way catalytic
converters ("TWC") , which simultaneously oxidize CO and HC to

3 0 co
2 and H20 , and reduce NO and N02 to N2 . The amount of CO,

HC, NOx and other pollutants produced will vary with the
design and operating conditions of the engine and the fuel
and air used. In particular, as with fuel cell catalytic
reactors, the presence of catalyst poisons in the fuel will

35 result in a degradation of the performance of the catalytic
convertor, and, thus, an increase in the amount of pollutant
released into the air.

- 3 -
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In general terms, a catalytic converter usea witn
an internal or external combustion engine may be considered
to be a sophisticated catalytic combuster, which is typically
used to enhance the oxidation of a fuel to produce heat. The

5 heterogeneous catalyst in a catalytic combuster provides a
surface on which a fuel and an oxidizer react. In a typical
catalytic combuster, a vaporized fuel and air are passed over
the surface of the catalyst. By providing a catalytic site
for the reaction of the fuel and oxidizer, the catalyst

10 lowers the activation energy of the reaction, allowing the
reaction to occur at a lower temperature with greater
efficiency. However, the presence of catalyst poisons that
may be adsorbed onto the catalyst surface in any of the fuel,
oxidizer, or reaction products will degrade the performance

15 and the efficiency of the catalytic combuster by occupying
active sites on the catalyst surface. This reduces the
number of sites available to the fuel and oxidizer,
decreasing the reaction rate.

In general terms, the heterogeneous catalysts, used
2 0 in fuel cell catalytic fuel reformers or reactors, vehicle

catalytic convertors, and catalytic combusters, provide a

catalytic surface that enhances the reaction rate and
efficiency of various gas phase reactions- Although a number
of different heterogeneous catalysts are known, the

2 5 heterogeneous catalysts used in catalytic reactors and
catalytic convertors usually utilize a noble metal catalyst.
The structure of the catalyst support may vary, depending on
the application, e.g., ceramic beads that are coated with the
catalytic material may be used. However, where a large

3 0 throughput of gas is required, the noble metal catalyst is
preferably held in a honeycomb monolithic structure, which
has excellent strength and crack-resistance under physical
and thermal shock.

The honeycomb construction and the geometries
3 5 chosen provide a relatively low pressure drop and a large

total surface area that enhances the mass transfer controlled
reactions that produce fuel for the fuel cell or remove

- 4 -
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pollutants from the exhaust of an engine. The honeycomb is
often set in a steel container, and protected from vibration
by a resilient matting where needed. Although a single
catalyst may be use, a typical modern three way catalytic

5 convertor comprises an outer steel shell that contains at
least two honeycomb catalyst "bricks", i.e., honeycomb
monolithic structures holding the noble metal catalyst, as
described above, where one of the bricks is mounted at the
upstream, inlet end of the catalytic convertor, and the

10 second is mounted at the downstream, outlet end of the
catalytic convertor.

An adherent washcoat, freguently made of stabilized
gamma alumina or corderite into which the catalytic
components are incorporated, is deposited on the walls of the

15 honeycomb. Modern three way catalytic converters for
simultaneously converting all three pollutants typically
utilize the precious or noble metals platinum (Pt) and
rhodium (Rh) , where the Rh is most responsible for the
reduction of N0 X , while also contributing to CO oxidation,

2 0 which is primarily performed by Pt. Recently palladium, Pd,
which is less expensive, has been substituted for or used in
combination with Pt and Rh. The active catalyst generally
comprises about 0.1 to 0.15% of these metals. For other
applications, where reduction of NO

x is not required, so that
25 only the oxidation of CO or HC are required, rhodium is

typically not present in the catalyst. Instead the catalyst
is platinum, palladium, or a combination of platinum and
palladium.

Because the exhaust gases of the combustion process
30 in most modern automotive gasoline engines tend to oscillate

from slightly rich to slightly lean, an oxygen storage medium
is added to the washcoat of vehicular catalytic converters to
adsorb oxygen onto the surface of the washcoat during any
lean portion of the cycle, and release the oxygen for

35 reaction with excess CO and HC during any rich portion of the
cycle. Cerium Oxide (CeQ2 ) .is frequently used for this
purpose due to its desirable reduction-oxidation response.

- 5 -
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The conversion erriciency or a gas pnase reaction
heterogeneous catalyst is measured by the ratio of the rate
of mass conversion or removal of a particular constituent of
interest to the mass flow rate of that constituent into the

5 catalytic. The conversion efficiency of a catalyst is a
function of many parameters including aging, temperature,
stoichiometry

, the presence of any catalyst poisons, such as
lead, sulfur, carbon and phosphorous, the type of catalyst,
and the amount of time the gases reside in or on the

10 catalyst.

As discussed above, catalyst poisons, such as
sulfur and phosphorous, degrade the performance of catalysts.
The performance of catalytic converters, catalytic fuel
reformers or reactors, catalytic combustors of various types,

15 and heterogeneous catalysts in general are affected by such
poisons. Poisons, even in small concentrations, strongly
bond to catalytic sites on the surface of the catalyst, and
block the completion of the chemical processes that the
catalyst is intended to promote. The poisoning of vehicular

20 catalytic converters by sulfur in gasoline has been a

problem, and is expected to also be a severe problem in fuel
cell catalytic reactors that are proposed for automotive
applications, where the required hydrogen gas will, in all
likelihood, initially be produce from gasoline.

25 The issue of catalyst poisoning is not new. For
example, the effectiveness of automotive catalytic converters
is severely degraded by the presence of lead in gasoline.
Therefore, the introduction of catalytic converters on
production automobiles in the mid-1970 's required the

3 0 elimination of tetra-ethyl lead as an octane enhancer in
fuels. Although the elimination of the lead based octane
enhancer required research into alternative octane enhancers,
it did not require any major changes in the manner in which
the fuel itself is refined, and, thus, the cost of

35 eliminating tetra-ethyl lead from gasoline was not
prohibitive. However, the elimination of sulfur, a naturally

- 6 -
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occurring element in crude oil, from fuel may be far more
expensive

.

Now that lead has been essentially eliminated from
motor vehicle fuel in the United States, sulfur is the key

5 component in gasoline responsible for the poisoning of
catalysts. Sulfur, typically adsorbed in the form of oxides
of sulfur, attaches or binds to catalytically active areas on
the surface of the catalyst, such as those used in catalytic
combusters, catalytic converters, and catalytic fuel

10 reformers or reactors. The adsorption of at least one of
sulfur and sulfur compounds prevents the resulting poisoned
areas from participating in the gas phase reaction, such as
the oxidation of EC and CO, and the reduction of NO

x in an
automotive catalytic converter, and thereby reduces the

15 efficiency of the catalyst. As a result, the emission of
pollutants is increased where the catalyst is used in an
internal combustion engine catalytic convertor . Similarly,
it is expected that the presence of sulfur in gasoline will
degrade the performance of catalytic reactors used to produce

20 hydrogen from gasoline to be used as fuel in a fuel cell.
The sulfur content of gasoline presently varies

from state to state and from refinery to refinery. Where
California has a limit on gasoline sulfur content of
approximately 3 0 parts per million by weight ("ppm") , other

25 states have much higher limits on sulfur, and, as a result,
sulfur levels in fuel can exceed 900 ppm. Therefore, there
has been a push within the Environmental Protection Agency
("EPA") to set a national standard for gasoline sulfur
content. However, even at the proposed level of 8 0 ppm, a

30 degradation of the performance and efficiency of catalytic
converters and catalytic reactors using a fuel containing
that level of sulfur is expected.

Alternative methods for reducing sulfur poisoning
of heterogeneous catalysts are available. For example, the

3 5 catalyst may be heated to a temperature significantly higher
than the normal operating temperature to decompose and/ or
drive off certain poisons, and thereby recover the poisoned

- 7 -
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catalyst. However, nne nign temperature requirea can
significantly reduce the life expectancy of a catalytic
device, and is frequently not possible during normal
operation

.

5 Attempts to remove the sulfur compounds that poison
catalysts from the gas or exhaust stream before poisoning of

the catalyst occurs by direct filtering or by oxidation of SO„

to S0 3 , either catalytically in the presence of oxygen, i.e.,

lean conditions, or in a plasma discharge, have been largely
10 unsuccessful* While each of these methods has been explored

for automotive applications, they often fail to remove any

significant amount of sulfur or oxides of sulfur, and require
significant amount of power. Moreover, these methods may not

be feasible with fuel cell catalytic fuel reformers at all.

15 Therefore, a need exists for a simple, inexpensive

means of maintaining the efficiency of gas phase

heterogeneous catalysts, such as those used in automotive
catalytic convertors, fuel cell catalytic reactors, and

catalytic combusters. The present invention provides such a

2 0 means.

SUMMARY OF THE INVENTION

The present invention is directed to an apparatus

for enhancing the rate of a chemical reaction in a gas

25 stream. The apparatus comprises at least one heterogeneous

catalyst having an upstream end, a downstream end, and at

least one surface having a plurality of catalytically active

sites on the surface, and at least one device for producing
radicals or other active species from water vapor and/or

30 other gaseous species, such as an ultra violet light source,

a corona discharge device, or any other means known in the

art for forming radicals or other active species in a gas
stream. The catalyst is positioned so that at least a

portion of the gas stream contacts at least a portion of the

35 catalytically active sites on the surface, and the radicals

or other active species are introduced into the gas stream at

a position upstream of the downstream end of the catalyst.

- 8 -
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The at least one device ror producing raaicais or otner

active species from water vapor and/or other gaseous species

may be positioned within the gas stream, such that radicals

are produced directly in the gas stream, or it may be

5 positioned remotely, producing the radicals or other active

species either from a portion of the gas stream that has been

diverted to the remote device or from some other source of

gas

.

Preferably, the radicals or other active species

10 are introduced in an amount sufficient to reduce or eliminate

poisoning of the catalyst by catalyst poisons, such as

sulfur, sulfur containing compounds, phosphorous, phosphorous

containing compounds, or carbon.

Typically, the catalyst is a part of a fuel cell

15 catalytic reactor, an automotive catalytic converter, or a

catalytic combuster. Where, the gas stream is an exhaust

stream from an internal combustion engine. The internal

combustion engine may be a stoichiometric engine, a lean burn

engine, a diesel engine, or any other known type of engine.

20 For use with an internal combustion engine, the

apparatus of the invention may further comprise a catalytic

convertor, having an inlet and an outlet, and comprising the

at least one catalyst, where the catalytic convertor is

positioned such that at least a portion of the exhaust stream

25 from the engine passes through the catalytic convertor.

Typically, an exhaust pipe is attached to the inlet of the

catalytic convertor, such that at least a portion of the

exhaust gas stream passes through the exhaust pipe to and

through the catalytic convertor and the at least one

30 catalyst, and at least one of the catalytic convertor or the

exhaust pipe comprises a fitting for positioning a device for

producing radicals or other active species in the exhaust

stream or a portion thereof, so that a radicals or other

active species are produced in the exhaust stream upstream of

3 5 the downstream end of at least one catalyst in the catalytic

convertor. To prevent water that may condense during cool

down, the at least one device for producing radicals or other

- 9 -
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active species may be positioned on top or the exnaust pipe

or catalytic convertor.

The at least one device for producing radicals or

other active species is preferably a corona discharge device,

5 having a power supply. Preferably, the corona discharge

device and the power supply are each designed to have a

mechanical natural resonant frequency significantly higher

than that produced by the internal combustion engine.

Preferably, the power supply is a low power power supply,

10 typically producing no more than about 200 watts of power,

preferably no more than about 100 watts of power, most

preferably no more than about 3 0 watts of power.

The corona discharge device may be positioned such

that naturally occurring pressure fluctuations in the exhaust

15 stream provide a pumping action that forces exhaust gas into

the corona discharge device, and scavenges gases containing

radicals produced in the corona discharge from the corona

discharge device. To increase the benefit obtained from

these pressure fluctuations, a plenum may be positioned

2 0 adjacent to the corona discharge device, such that exhaust

gas pass from the exhaust pipe, through the corona discharge,

into the plenum, and back into the exhaust pipe.

The apparatus of the invention may also comprise a

device for injecting air into the exhaust stream during fuel

25 rich cold start operating conditions, such that the corona

discharge causes the combustion of residual fuel in the

exhaust stream.

The apparatus of the invention may also utilize a

remote device for generating the radicals and other active

30 species. With an internal combustion engine, this embodiment

further comprises an exhaust pipe attached to the inlet of

the catalytic convertor, a tailpipe attached to the outlet of

the catalytic convertor, such that at least a portion of the

exhaust stream passes from the exhaust pipe to and through

35 the catalytic convertor and through the tailpipe. The

tailpipe has an exhaust gas takeoff for conveying a portion

of the exhaust stream to a remote radical generator, which

- 10 -
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comprises trie at leasi one aevice ror proaucing raaicais or

other active species in the exhaust gas in the portion of the

exhaust stream conveyed to the remote radical generator. An

output from the remote radical generator returns the exhaust

5 gas containing radicals or other active species from the

remote radical generator to the exhaust stream at a point

upstream of the downstream end of at least one catalyst in

the catalytic convertor, where the exhaust gas containing

radicals is injected into the exhaust stream.

10 In a further embodiment, the invention is directed

to an apparatus for reducing at least one pollutant in an

exhaust gas stream containing an exhaust gas formed from the

combustion of fuel in a combustion gas stream, which

comprises a precombustion gas stream and the exhaust gas

15 stream. The combustion gas stream may be that of a catalytic

combuster, internal or external combustion engine, furnace,

boiler, fuel cell catalytic fuel reformer, electrical power

generator, or any other device that obtains energy from the

combustion of fuel to which a catalyst can be adapted to

2 0 reduce the emission of pollution.

The apparatus comprises at least one catalyst,

having an upstream end and a downstream end, where the at

least one catalyst is positioned such that at least a portion

of the exhaust gas stream passes through the at least one

25 catalyst, and at least one device for producing radicals or

other active species from water vapor or other gaseous

species positioned in the combustion gas stream, wherein the

radicals are introduced into the combustion gas stream

upstream of the downstream end of the at least one catalyst.

3 0 Preferably, the device for producing radicals or other active

species is a corona discharge device.

In a further embodiment, the apparatus is directed

to a fuel cell catalytic reformer comprising a partial

oxidation stage, a catalytic reactor stage, and a

35 preferential oxidation stage, wherein the radicals or other

active species are introduced into at least one of the

partial oxidation stage, catalytic reactor stage, or

- 11 -
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preferential oxiaanon stage comprises a cacaxysc. /^ts wiui

the embodiments described above, the at least one device for

producing radicals or other active species is preferably a

corona discharge device. The device for producing radicals

5 or other active species is positioned within the gas stream,

or may be positioned remotely.

The present invention is also directed to a method

of enhancing a gas phase chemical reaction in a gas stream.

The method comprises contacting the gas stream with at least

10 one heterogeneous catalyst, having an upstream end, a

downstream end, and at least one surface having a plurality

of catalytically active sites, such that at least a portion

of the gas stream contacts at least a portion of the

catalytically active sites, forming radicals or other active

15 gaseous species either directly in the gas stream or in a

remote generator; and introducing the radicals or other

active gaseous species into the gas stream at a point

upstream of the downstream end of the catalyst. Preferably,

the radicals or other active species are introduced into the

2 0 gas stream whenever the gas stream is in contact with the

catalyst, i.e., the radicals or other active species are

introduced starting with the initial use of the catalyst.

This is known as time zero injection.

25 BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a side perspective view of an internal

combustion engine having a catalytic converter:

Figure 2 is a schematic of an exhaust system

incorporating a remote corona discharge generator of

3 0 chemically active species.

Figure 3 illustrates a corona discharge device

mounted in an exhaust shunt.

Figure 4 illustrates a corona discharge device

having concentric electrodes and a dielectric coated inner

35 electrode.

- 12 -
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Figure b liius-rares a corona aiscnarge aevice
having concentric electrodes and a dielectric coated outer
electrode

.

Figure 6 illustrates a distant ground corona

5 discharge device.

Figure 7 illustrates a corona discharge device of

the type depicted in Fig. 5 equipped with a flame arrester.
Figure 8 illustrates a compact corona discharge

device.

10 Figure 9 illustrates a compact corona discharge

device having an extended skirt.

Figure 10 illustrates a compact corona discharge

device equipped with an orifice for injecting air.

Figure 11 illustrates a corona discharge device

15 mounted in a manner that takes advantage of the pumping

action of pressure variations in the exhaust gas stream.

Figures 12a and 12b illustrate corona discharge

devices mounted in conjunction with or incorporating a plenum

that augments the pumping action of pressure variations in

2 0 the exhaust gas stream.

Figure 13 illustrates the use of a corona discharge

device with a catalytic convertor

.

Figure 14 is a schematic of a fuel cell catalytic

fuel reformer

.

25 Figure 15 is a schematic of an example of a power

supply circuit for use with a corona discharge device.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

As used herein the term "gas stream" refers to any

3 0 flow of gas to, from, through, or over an article or device.

The term "upstream" refers to a position in the gas stream

located relative to a second position in the gas stream in

the direction opposite to the flow of the gas stream, i.e.,

in the direction of the source of the gas stream, and the

35 term "downstream" refers to a position in the gas stream
located relative to a second position in the gas stream in

the direction of the flow of the gas stream. Therefore,

- 13 -
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where a point is located upstream of, e.g., a catalyst or a

part of a catalyst, the point is positioned in the gas stream
between the catalyst or part of the catalyst and the source
of the gas, and, where a point is located downstream of,

5 e.g., a catalyst or a part of a catalyst, the catalyst or
part of the catalyst it is positioned in the gas stream

between the source of the gas and the point

.

As used herein, the term "pre-corabustion gas

stream" refers to the flow of air or of the air/fuel mixture

10 to the combustion chamber. The terms "postcombustion gas

stream" and "exhaust gas stream", as used herein, refer to

the resulting flow of exhaust gases from the combustion

chamber following combustion or oxidation of the air/fuel or

oxidant/fuel mixture. The pre-combustion and postcombustion

15 gas streams are collectively referred to as the "combustion

gas stream".

As used herein, the term "catalytic combuster"

refers to any device in which a fuel is combusted or oxidized

on the surface of a heterogeneous catalyst. That is, any

2 0 device in which the reaction of a fuel and oxidizer is

enhanced by contact with a heterogeneous catalyst.

In addition, the terms "radical" or "radicals" and

"free radical" or "free radicals" refer to any atom or group

of atoms having at least one unpaired electron and no net

25 electrical charge; i.e., as used herein, these terms refer to

electrically neutral species having equal numbers of

electrons and protons, such as hydroxyl radical, OH, and

hydrogen and oxygen atoms, H and O respectively, which may

also be represented by OH*, H*, and 0*, where""" represents the

30 unpaired electron.

As used herein, the terms "gas phase heterogeneous

catalyst" and "heterogeneous catalyst" refer to any

non-gaseous catalytic material having a surface that enhances

the rate or efficiency of a gas phase reaction, i.e., a

35 chemical reaction that alters the chemical structure of at

least one gaseous chemical species.

- 14 -
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As used herein the terms "automotive cataiytxc
convertor" and "vehicular catalytic converter" refer to any
catalytic device that may be used to reduce the emission of
pollutants produced by the combustion of fuel in the engine

5 of an automobile, truck, or motorcycle, or any other type of
vehicle or device that uses an internal or external
combustion engine as a source of power.

As used herein, the term "introduction of radicals
into the gas stream" includes the introduction of radical

10 and/or related oxidizing species that were produced in a
remote radical generator and the direct In situ production of
radicals and/or oxidizing species directly in the gas stream.

The present invention is directed to an apparatus
and method for enhancing the rate and efficiency of gas phase

15 reactions within a gas stream and for maintaining and
improving the efficiency and performance of the heterogeneous
catalysts used to enhance the rate of such gas phase
reactions. Typically, the heterogenous catalysts are of the
type found in catalytic combusters, fuel cell catalytic

2 0 reformers, and automotive catalytic converters.
In the present invention, highly oxidizing free

radicals, such as hydroxy 1 radicals, OH, hydroperoxyl
radical, H0

2 , atomic hydrogen, H, and atomic oxygen, O, and
other active species, including related oxidizing gaseous

2 5 species, such as hydrogen peroxide, H20 2 , nitrogen dioxide,
N0 2 ,

and ozone, 03/ are produced in or added to a gas stream,
such as, e.g., the combustion gas stream of a catalytic
combuster or of an internal combustion engine equipped with a
catalytic convertor, or the gas stream of a fuel cell

30 catalytic reformer, where the gas stream passes. over or
through a heterogeneous catalyst in a manner that allows at
least a portion of the gas stream to contact at least a
portion of the catalyst. The radicals and oxidizing species
are produced in either a remote generator, and then

35 introduced into the gas stream, or, where the gas stream
contains chemical species that can be converted into the
desired radicals or oxidizing species under the proper
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conditions, the radicals ana oxidizing species may oe rormea

directly within the gas stream. The radicals may be

introduced or produced at any point within the gas stream

upstream of the downstream end of the catalyst, i.e., the

5 portion of the catalyst farthest from the source of the gas

stream

.

The introduction of radicals into the gas stream

results in at least one of the following:

1. An increase in the rate of the catalytic

10 removal or conversion of certain chemical species in the gas

stream, including the removal of pollutants from an exhaust

stream by a catalytic convertor, or the conversion of a

hydrocarbon fuel to hydrogen gas in a fuel cell catalytic

reactor

.

15 2. The removal of poisons from active sites on

the catalyst surface, or the prevention of the adsorption of

catalyst poison onto the catalyst surface, which improves and

maintains the efficiency of the catalyst.

3. An increase in the rate and efficiency of

20 oxidation reactions within the gas stream before contact with

the catalyst.

In addition, maintaining the .efficiency of the

catalyst improves reliability, and obviates the need for

catalytic overcapacity, thereby reducing volume and weight.

25 Good results have been obtained by introducing the radicals

and/or oxidizing species anywhere upstream of the downstream

end of the catalyst.

The radicals and related gaseous oxidizing species

enhance the oxidation of CO and HC to carbon dioxide (C02 ) and

3 0 water (H20) in a catalytic convertor or combuster, and, in a

fuel cell catalytic reformer, the conversion of fuel to

carbon monoxide and gaseous hydrogen (H2 ) in a first step, and

then the conversion of the carbon monoxide formed in the

first step to carbon dioxide. In addition, in internal

3 5 combustion engines equipped with catalytic convertors, the

introduction of radicals and/or active gaseous species also

enhances the reduction of NO^ to molecular nitrogen (N2 ) .
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in pamcuidr, xu uctts ueen uuaerveu una u uyui uAy x

radical, OH, can react rapidly with CO to produce C02 . It has

also been observed that OH in the presence of oxygen can

react rapidly with hydrocarbons (HC) to produce formaldehyde

5 or other similar intermediary products, which then further

react with OH to form H20 and C0 2 , and regenerate OH.

Therefore, it appears that these reactions do not necessarily

consume OH, but, instead, regenerate OH, so that OH acts as a

homogeneous catalyst.

0 In one embodiment, the present invention is

directed to a method and an apparatus for the reduction of

the amount of pollutants., such as carbon monoxide (CO) ,

hydrocarbons (HC) , and oxides of nitrogen (NO
x ) , in the

exhaust gas stream produced by the high temperature

5 combustion of fuel. The method and apparatus of the

invention are useful with internal combustion engines

equipped with at least one catalytic convertor in the exhaust

system. Preferably the method and apparatus of the invention

are used with an internal combustion engine further

o comprising at least one oxygen sensor upstream of the

catalytic convertor. The oxygen sensor provides data to the

fuel injection system of the engine that allows the fuel

injection system to maintain a stoichiometric air/fuel ratio.

It has been discovered that the presence of OH, as

5 well as that of other active or reactive species, such as

other free radicals and gaseous molecular intermediates and

oxidizers, including O, H, N02 , H202 , H02 , and 03 , in the

exhaust gases of a combustion engine in the presence of the

requisite oxygen, provides a highly effective catalytic

0 conversion of CO and hydrocarbons to non-polluting gas

species, i.e., C02 and water vapor. The OH and other related

free radical and gaseous molecular oxidizers created by

reaction of OH with gaseous species in the exhaust stream act

as catalysts independent of or in conjunction with the normal

5 catalytic function of the catalytic converter.

Thus, the invention employs radicals, such as

hydroxyl radical and active or reactive species, such as O,
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H. *02 ,
H2C2 ,

HQ
2 , and o

3 , to previa a ca.axyuc cycxe rorreducing CO and HC outputs of engines to meet present andfuture Ultra Low Emissions Vehicle "ULEV" and Low Emission,
vehicle "LEV" standards. Because the o„ and oZr TrZ

5 radicals and active gaseous molecular oxidizing species actas catalysts, relatively small amounts of radical! nJ^
oe

n3

r

e

e

C

l
e

c Tl °' m C° ^ ^ocarbons tobe reduced to co 2 and H2o in the presence of oxygen in theexhaust gas stream.
10

.

introd^tion. of radicals and related gaseousoxidizing species into the combustion gas stream upstream ofdownstream end of the catalyst in a catalytic converter
results in the catalysis of the oxidation of CO and HC in theexhaust gas stream, and provides for the rapid removal of

15 those pollutants. The catalytic conversion of CO to co
2 and

hydrocarbon to" C02 and K20 by these oxidizing species occurson the large surface in the catalytic converter, as well asin the gas phase in the exhaust stream. The enhanced
conversion of CO and HC to co2 and H20 by radicals and other
act.ve species frees the bulk of the precious metal catalyticsurface from participating in these competing reactions. Theconverter's precious metal sites no longer need to play asstrong a role in catalyzing the less reactive hydrocarbon
species, such as methane, ethane, ethene, benzene and
formaldehyde, and, as a result, the catalytic activity at theprecious metal sites can be directed toward reduction ofnitrogen oxides to nitrogen and other non-polluting gas
specxes.

3 0 , , ,
BSCaUSe Catal^tic acti°" of the radicals andrelated gaseous oxidizing species, such as hydroxyl radicaloccurs throughout the volume of the exhaust gas, as well as'on the surface of the catalytic converter, the present

invention is significantly more effective than a catalytic
converter operating in the conventional manner in reducingthe emission of pollutants. The introduction of these
radicals for oxidizing gaseous species upstream of thedownstream end of th*= r-*+-n i ~a or the catalytic converter also significantly
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H, NO,, H202 ,
H02 , and 0

3 , to provide a catalytic cycle ror

reducing CO and HC outputs of engines to meet present and

future Ultra Low Emissions Vehicle "ULEV" and Low Emissions

Vehicle "LEV 11 standards. Because the OH and other free

5 radicals and active gaseous molecular oxidizing species act

as catalysts, relatively small amounts of radicals need to be

injected for orders of magnitude more CO and hydrocarbons to

be reduced to C0 2 and H20 in the presence of oxygen in the

exhaust gas stream.

10 The introduction, of radicals and related gaseous

oxidizing species into the combustion gas stream upstream of

downstream end of the catalyst in a catalytic convertor

results in the catalysis of the oxidation of CO and HC in the

exhaust gas stream, and provides for the rapid removal of

IS those pollutants. The catalytic conversion of CO to C0
2
and

hydrocarbon to C02 and H20 by these oxidizing species occurs

on the large surface in the catalytic converter, as well as

in the gas phase in the exhaust stream. The enhanced

conversion of CO and HC to C02 and H
20 by radicals and other

2 0 active species frees the bulk of the precious metal catalytic

surface from participating in these competing reactions. The

converter's precious metal sites no longer need to play as

strong a role in catalyzing the less reactive hydrocarbon

species, such as methane, ethane, ethene, benzene and

25 formaldehyde, and, as a result, the catalytic activity at the

precious metal sites can be directed toward reduction of

nitrogen oxides to nitrogen and other non-polluting gas

species

.

Because the catalytic action of the radicals and

30 related gaseous oxidizing species, such as hydroxyl radical,

occurs throughout the volume of the exhaust gas, as well as

on the surface of the catalytic converter, the present

invention is significantly more effective than a catalytic

converter operating in the conventional manner in reducing

35 the emission of pollutants. The introduction of these

radicals for oxidizing gaseous species upstream of the

downstream end of the catalytic convertor also significantly
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reduces the emission or nitrogen oxiaes oeiow tne xeve±
obtained with conventional methods because the precious metal
sites are freed from the conversion of CO and HC, and, thus,
also allows a reduction in the amount of precious metals in

S the catalytic converter or the use of less costly metals or
their oxides, while maintaining the reductions in NO

x that are
obtained with prior art methods.

In addition, it has been discovered that the
generation of radicals and reJLated gaseous oxidizing species,

10 and their introduction into the exhaust stream upstream of

the downstream end of the catalyst in a catalytic convertor,
cleans the catalytic convertor by reacting with and removing
poisons on the active sites of the surfaces of the catalytic
convertor, as well as preventing the adsorption or deposition

15 of catalyst poisons onto the active sites of the catalyst.
Catalyst poisons that the oxidizing action of these free
radicals and related gaseous oxidizing species remove or
prevent from being adsorbed include, but are not limited to,

sulfur compounds, such as sulfates and sulfides of the noble
20 metals in the catalyst, as well as SO and elemental sulfur,

which may be bound to the surface forming a coating,

phosphorous compounds, such as phosphides and phosphates of

the noble metals, as well as P02 , P 20 3 , and elemental

phosphorous, which may also be bound to the surface of the
25 catalyst forming a coating, and carbon compounds,' such as

carbon monoxide, which is adsorbed onto the surface, and can

dissociate into atomic oxygen and carbon, resulting in

carbonation

.

The oxidation of catalytic poisons from the
3 0 surfaces of the catalytic convertor removes the poisons from

the catalytic surfaces so that the efficiency of the catalyst
is improved, allowing the effective use of a catalyst bed
having a smaller volume than that used in a typical catalytic
convertor today. Therefore the introduction of free radicals

35 and related gaseous oxidizing species has two independent
effects that reduce the emission of pollutants. First, the
catalytic action of the radicals and related gaseous
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oxidizing species airecmy removes ponutanis rrom -cne

exhaust gas stream- In addition, the removal of all or some

of the poisons on the catalyst bed surfaces, in particular,

the surfaces of the noble metals, improves the; efficiency of

5 the removal of pollutants, NO^ in particular, by the catalytic

converter.

Referring to Fig. 1, a typical configuration for a

modern automobile engine 11 having a catalytic converter 13

is illustrated. The catalytic converter 13 is positioned at

10 the underbody of the automobile (not shown) , and is situated

in the exhaust gas stream 18 from the engine, in the exhaust

pipe 12 downstream from the exhaust manifold 15, and before

the muffler 17. Although this is the configuration commonly

used today, it should be noted that a growing number of

15 automobiles are being produced with closely coupled catalytic

converters that are positioned closer to the engine than

shown in Fig. 1, such that the catalytic convertor is

adjacent to or part of the exhaust manifold of the engine.

In most automobiles produced today, an oxygen sensor 14 is

20 positioned in the exhaust system upstream of the catalytic

convertor 13. Data from the oxygen sensor 14 are used by the

electronic controller of the fuel injection system to

maintain a stoichiometric air/fuel ratio. Often, a second

oxygen sensor 16 is located just downstream of the catalytic

25 convertor to provide additional data for the fuel injection

controller and the on board diagnostics of the vehicle.

The catalytic converter 13, as contemplated for use

in the present invention, includes any device which is

provided for treating exhaust gases from the combustion of a

30 fuel, such as, for example, gasoline, gasoline-based

formulations, diesel fuel, alcohol, natural gas and any other

fuel, where a catalytic converter can be used to reduce at

least one pollutant from combustion, such as, for example,

CO, HC, and/ or N0 X , including, but not limited to, a three way

35 catalyst typically used in today's modern automobile engines.

The catalytic converter 13 therefore comprises any

device that catalytically removes or participants in the
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removal of at least one pollutant from an exhaust stream

generated by burning a fuel, including, but not limited to,

those with monolithic or granular ceramic substrates,

metallic substrates, or substrates of any kind, and devices

5 with noble metals or any other type of catalytic material.

It would also include, without limitation, devices having

semiconductor catalysts, such as oxides or sulfides of

transition elements, and devices having ceramic-type

catalysts, such as alumina, silica-alumina, and zeolites

10 individually, in combination with each other and oxygen

storage media such as cerium oxide or in combination with

metal catalysts.

In one embodiment of the invention, oxidizing

radicals and related gaseous oxidizing species are introduced

15 into the exhaust stream upstream of the catalytic convertor,

13, and, preferably, upstream of the oxygen sensor 14, which

is installed in most modern cars and light trucks. However,

the oxidizing radicals and related gaseous oxidizing species

may be introduced at any point in the exhaust stream that is

2 0 upstream of the downstream end of the catalyst of the

catalytic convertor, including the introduction or production

of the radicals and related gaseous oxidizing species

directly into the body of the catalytic convertor, 13, at a

point upstream the downstream end of any portion of the

25 catalytic convertor that contains catalytic material.

Hydroxy 1 radicals, OH, and atomic hydrogen, H, may be

produced from water vapor in the exhaust gas of the engine by

a radical generator utilizing any means known in the art for

producing radicals, such as UV light, but, preferably by an

3 0 electrical corona discharge. Similarly, the radical

generator may also produce atomic oxygen, O, from residual

oxygen, 02 , in the exhaust gas. Typically, these radical

species then react with other gaseous species in the exhaust

stream to form other oxidizing species, such as N0 2 ,
H202 ,

H0 2 ,

3 5 and 0 3 .

The exhaust gas used to produce the free radicals

may be taken from the downstream end of the catalytic
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convertor by diverting a portion or tne downstream exnaust to

a radical generator, and introducing the output of the

radical generator into the exhaust upstream of the catalytic

converter, as shown schematically in Fig. 2. By operating

5 the radical generator in exhaust gas taken from the

downstream end of the catalytic convertor, the generator

operates in a cleaner environment, substantially free from

the pollutants removed by the action of the catalytic

convertor and the oxidizing radicals and active gaseous

10 species, which are produced by the discharge, and introduced

upstream of downstream end of the catalytic convertor- This

results in an improved discharge device lifetime, and

substantially eliminates any fouling problems that may occur

when the radical generator is positioned upstream of the

15 catalytic convertor. However, when a corona discharge device

is used upstream, the corona discharge itself should

naturally reduce or eliminate its own potential

contamination

.

As shown in Fig. 2, a portion of the cleaned

2 0 exhaust gas stream 21 that has passed through the catalytic

convertor 13 is taken from the rear exhaust pipe 22, and

diverted to the remote radical generator 23. The output 24

of the remote radical generator 23 is enriched with radicals

as a result of the action of, e.g., UV light or a corona

2 5 discharge on the exhaust gas 21, and is introduced into the

exhaust gases in the tailpipe 12 upstream of the downstream

end of the catalytic convertor 13. Preferably, an oxygen

sensor 14 , such as that found on most modern cars and light

trucks, is positioned in the exhaust stream 18 upstream of

3 0 the catalytic convertor 13, but downstream of the point 25

where the oxidizing species are introduced into the exhaust

stream. However, because of the higher pressures in the

exhaust system, pumping, such as with a Venturi (not shown)

,

is required to accomplish direct injection of the output of a

3 5 remote generator into the exhaust gas stream. Therefore, the

direct, in situ production of free radicals by the action of
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a corona aiscnarge on water vapor ana resiauai oxygen xn cue
exhaust stream is the most preferred method.

Preferably, the radicals and related gaseous
oxidizing species are produced in the exhaust upstream of the

5 downstream end of the catalytic convertor by a corona
discharge device, placed in either the main exhaust pipe or
in a shunt path in parallel with the main exhaust gas stream,
as shown in Fig. 3. As shown in Fig. 3, a corona discharge
device 30 is mounted in an exhaust shunt 31 in mount 32. The

10 exhaust shunt 31 allows a portion of the exhaust gas stream
18 to bypass a section of the exhaust pipe 12, by exiting the
exhaust pipe 12 at a first point 35, typically upstream of
the catalytic convertor 13, and re-entering the exhaust pipe
at a second point 36, which is also upstream of the catalytic

15 convertor 13 . The exhaust shunt may require a restrictive
orifice 33 or other device in the exhaust pipe to regulate or
control the exhaust gas flow rate. Such a shunt path is
useful in that it allows the corona discharge device to be
operated in a lower temperature environment than that of the

2 0 exhaust gas stream. Preferably, the heat loss of the shunt
path is improved by providing an increased surface area with,
e.g., cooling fins 34 or similar devices.

A lower temperature environment simplifies the
design and choice of materials for the corona discharge

25 device, particularly with regard to the electrical properties
of the device during high temperature operation and its
thermal design. This is particularly important, because the
resistivity, loss tangent, and dielectric constant of the
materials in the corona discharge device change with

3 0 increasing temperatures. The change in these properties that
occurs at high temperatures can seriously degrade the
efficiency of the corona discharge device, decreasing the
production of free radicals, and, thus, increasing the
emission of pollutants. Where a corona discharge device is

3S operated in a high temperature environment, the choice of
materials is limited to those that experience a limited
change in electrical properties with increasing temperatures.
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However, wnere tne corona axscnarge aevice is operatea xn a

lower temperature environment, such as that of a shunt path,

other, less expensive materials that possess the desired

electrical properties at lower temperatures, but lack the

5 desired properties at high temperature may be used.

Operation at lower temperatures also reduces or

eliminates problems related to a mismatch in the thermal

coefficient of expansion of materials in the corona discharge

device, its support, and the exhaust pipe* This reduces or

10 eliminates strain induced material and seal failures, as well

as failures caused by the numerous thermal cycles the corona

discharge device will experience during the lifetime of the

engine

.

The free radicals or other active species may also

15 be produced by a corona discharge device 3 0 mounted within

the catalytic convertor 13. As shown in Fig. 13, a typical

three way catalytic convertor comprises an outer steel shell

or container, 131, and a plurality, in this case two

honeycomb catalyst "bricks", 132. The corona discharge

20 device 30, as shown in Fig. 13, may be mounted between the

two honeycomb catalyst "bricks", 132, or at any other

position that introduces the radicals at a point upstream of

the downstream end of at least one of the two catalyst

bricks, 132. In addition, the radicals may be produced in a

25 remote radical generator, such as that shown in Fig. 2, and

then introduced into any point in the catalytic convertor

upstream of the downstream end of the catalyst in the

catalytic convertor.

The free radicals and other active species may also

3 0 be produced in the pre-combustion gas stream by a corona

discharge upstream of the point that the air enters the

engine. A drawback of the production or injection of the

oxidizing species in the intake manifold is that a

significant fraction of the highly chemically active species

3 5 may be destroyed in the combustion process, and only those

active species that reside in the crevice regions and at the

walls of the combustion chamber can effectively survive, and
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enter into the exhaust gas stream. m contrast, generators
that inject free radical and gaseous molecular oxidizers
directly into or which create these species in the exhaust
(postcombustion) gas stream can more effectively deliver the

5 active species into the exhaust stream where CO and HC need
to be oxidized. Thus, the relative amount of radicals that
must be produced to provide a given amount of radicals at the
catalytic converter is significantly smaller when the active
species are produced in or introduced into the exhaust gas

10 stream than the amount required for other methods. This
directly translates into proportionally lower electrical
input demands for the radical generator.

In a further embodiment, the present invention is
directed to a method and an apparatus for producing gaseous

15 hydrogen from a liquid or gaseous hydrocarbon as fuel for use
in a fuel cell. A typical fuel cell catalytic reformer, 140,
for converting hydrocarbon fuel to H2 for use in a fuel cell
is shown schematically in Fig. 14. A liquid or gaseous
hydrocarbon fuel, 12 0, such as gasoline, methane, methanol,

20 or ethanol, is stored in a fuel tank, 121. Fuel, 120, from
tank, 121, is vaporized, if necessary, forming a gas stream,
and is introduced into a partial oxidation reactor, 123,
typically, through a connection pipe, 122, where the fuel is
partially burned with a small amount of air to produce H2 and

25 CO. The partial oxidation of the fuel in the partial
oxidation reactor, 123, may be performed in the presence of a

catalyst.

The resulting gas stream, comprising a mixture of
nitrogen, N2 , CO, and H2 , is then passed into a catalytic

30 reactor, 124, where steam is added in the presence of a
catalyst to remove CO and produce additional H2 by the
reaction

CO + H20 C02 + H2 .

The remaining CO is preferentially oxidized in the presence
35 0 f a preferential oxidation catalyst, 125, resulting in a

mixture of H2 , C02/ H20 , and N2 , which is sent to the fuel
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cell, 12 6, where tne H
2
xs comjoinea witn o2 no rorm waner ana

electricity. As NO x is not present in any of the gas streams

of the catalytic reformer, only an oxidation catalyst is

require, and, thus, reduction catalysts, such as rhodium,
5 need not be used.

As with automotive catalytic convertors , it has
been discovered that the presence of OH, as well as that of

other free radical and gaseous molecular intermediates and

active species, such as O, H, N0
2 ,

H202 , H0 2 , and 0 3 , in the gas

10 stream of the reformer, provides a highly effective catalytic

conversion of CO, as well as eliminating or substantially

reducing the amount of catalyst poisons in the gas stream or

on the surface of the catalysts in the reformer. The

benefits of the invention may be obtained by introducing

15 radicals into any gas stream in the reformer at any point

upstream of the downstream end of any of the catalysts used

in the fuel cell catalytic reformer or reformers.

Introduction of radicals into the catalytic reactor

stage, 12 4, serves two functions. First, hydroxy 1 radicals

20 can react with CO to form carbon dioxide and additional

hydrogen gas by the reaction

2CO + 20H - 2C02 + H2 .

In addition, the presence of radicals and other oxidizing

species will remove adsorbed catalyst poisons, and prevent

25 the adsorption of catalyst poisons onto the surface of the

catalyst, providing for better CO to C0
2
conversion. The

addition of radicals to the preferential oxidation catalyst

will convert CO to C02 and H2 , and remove and prevent the

adsorption of poisons in the same manner.
30 However, because of the high reactivity of the

oxidizing radicals and other active gaseous species with

hydrocarbon fuels, the radicals may be introduced into the

partial oxidation reactor only when the hydrocarbon fuel is

not present. Should the highly reactive radicals be

35 introduced into the partial oxidation reactor when fuel is

present it is likely that most of the radicals would be
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consumed by reaction with the fuel, and, thus, the radicals
would have little effect on catalyst poisons in this stage of
the catalytic reformer. Therefore, the radicals are
preferably introduced into the partial oxidation reactor only

5 during a "cleanup" or "recovery" cycle in which any catalyst
poisons adsorbed onto a catalyst in the catalytic reformer,
in particular, any catalyst used in the partial oxidation
reactor, may be oxidized and removed to clean and recover the
catalyst. If a "cleanup" or "recovery" cycle or mode is

10 required, it may be desirable to provide a pair of catalytic
reformers in parallel for a fuel cell that will be used on a

substantially continuous basis. In this manner, one
catalytic reformer may be used to provide hydrogen fuel for
the fuel cell, while the second reformer is in the recovery

15 mode. By cycling between reformers in this manner, each
reformer could always be operated with a minimum of catalyst
poison adsorbed onto the catalyst.

However, it has also been discovered that the
generation of radicals and related active gaseous species,

2 0 and their introduction into a gas stream in the catalytic
reformer upstream of the downstream end of a catalyst in
either the catalytic reactor or the preferential oxidation
catalyst during operation of the catalytic reformer, cleans
the catalyst in those stages by reacting with and removing

25 poisons on the active sites of the surfaces of the catalytic
convertor, as well as preventing the adsorption or deposition
of catalyst poisons onto the active sites of the catalyst.

As with automotive applications of the invention,
hydroxyl radicals, OH, and atomic hydrogen, H, are produced

3 0 from water vapor in a gas stream of the catalytic reformer.
The radicals may be formed by a radical generator utilizing
any means known in the art for producing radicals, such as uv
light, but, preferably by an electrical corona discharge.
Similarly, the radical generator may also produce atomic

3 5 oxygen, O, from residual oxygen, 0 2 , in the exhaust gas.
Typically, these radical species then react with other
gaseous species in the exhaust stream to form other oxidizing
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Species, SUCn as nu 2 ,
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produced during the operation of the catalytic reformer, it

is preferred that the radicals be produced in at least one of

the catalytic reactor, the preferential oxidation reactor, or

5 within a gas stream supplying air or water vapor to at least

one of the catalytic reactor or the preferential oxidation

reactor. As with • the automotive applications, it is

preferred that the radicals be produced with a corona

discharge device of the type described below.

10 A corona discharge device for use with the

invention should preferably be capable of functioning for at

least about 3,000 to about 4,000 hours in the high

temperature environment of the exhaust stream of an internal

combustion engine before replacement is required- Because of

15 space limitations in modern automobiles and in applications

using fuel cells, it is preferred that the corona discharge

device have a small physical volume, i.e., on the order of

the size of a typical spark plug, and require a power supply

that is no larger than about 300 to about 400 cubic cm. In

2 0 certain embodiments, in addition to operating at a

temperature on the order of about 800°C, the corona discharge

device must meet automotive electromagnetic interference

(EMI) requirements, be readily replaceable, and be capable of

withstanding thousands of thermal transients of about 800°C /

2 5 such as those experienced during start-up and cool down of an

engine, as well as several million smaller thermal transients

where the change in temperature may be on the order of about

200°C. In a preferred corona discharge device, about 20 to

about 50 W of high frequency, high voltage power is required,

30 i.e., from about 1,000 to about 250,000 Hz and from about

5,000 to about 20,000 VAC. However, under some transient

operating conditions, such as engine cold or warm starts,

more radical production may be desired. In this case the

corona device would require operation at higher power levels

35 of up to 200 to 300 watts. This transient power condition

can be met by increasing the frequency voltage product to the

corona device by a factor of 5 to 10 for such periods, which
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accomplished through proper corona unit high voltage power

system design, and the use of control signals from the engine

controller or local startup temperature readings.

5 An example of the circuitry for a power supply

useful with the present invention is shown in Figure 15. The

circuitry shown in Figure 15 provides a resonant switch-mode

invertor capable of converting a 12 VDC nominal input voltage

to an approximately 10 kVAC sine wave output to drive a

10 capacitive "silent discharge" device, such as the corona

discharge device of the invention.

Corona discharge devices useful in the invention

include, but are not limited to, those having generally

cylindrical symmetry and, in most cases, at least two

15 concentric electrodes. At least three general design

alternatives for corona discharge devices that have generally

cylindrical symmetry exist. These three general design

alternatives are illustrated in Figs. 4, 5, and 6. Fig. 4 is

a cross-section of a cylindrical corona discharge device 40

20 having concentric cylindrical electrodes inner electrode 41

and outer electrode 42. The device 40 typically includes a

ferrule 44 in the base 47, which provides a gas seal, and

threads 46 or other means for mounting the device 40 in the

exhaust pipe 12 or shunt 31. The inner electrode 41 is

25 surrounded by a dielectric layer 43, which prevents

breakdown, and maintains the corona discharge. It is

important for the overall efficiency of the device to have

the predominant voltage across the "air" gap 45 of the

device. Because the dielectric layer 43 in the corona

3 0 discharge device shown in Fig. 4 is located in a region where

high electric fields occur, most of the voltage is across the

"air" gap of the corona discharge device, and the efficiency

of the device is maintained.

However, depending on the design of the corona

35 discharge device, the dielectric, due to its conductivity,

may act as a shunt conductive path to ground that effectively

reduces the current to the corona discharge. Where the
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in the region of the base 47 that increase proportionally
with increasing dielectric constant, a decision is often
required during the design of a corona discharge device of

5 this type, as to the relative importance of the voltage drop
across the dielectric and the shunt capacitive losses in the

base region. In practice, the careful design of the corona
discharge device will minimize the effective area of the

shunt capacitance, and provide a low dielectric constant.

10 Resistive losses also occur in dielectrics at high
temperatures, and, thus, a dielectric material must be

selected in which the resistive losses are acceptably low, or

the corona discharge device must be operated in a chamber or

shunt path off of the exhaust system to allow operation at a

15 lower temperature. Other design issues include EMI,

resistance to corrosion in the corrosive, high temperature

environment, contamination, condensation of water during

engine cool down, and vibration. For EMI, the corona

discharge device and its power supply and leads must have

2 0 sufficient shielding to meet automotive system EMI

requirements

.

Material selection should be based on high
temperature behavior and the ability to withstand a corrosive

environment that could limit the design life or performance

25 of the device, e.g., high temperature diffusion of

contaminants into the dielectric that could lower the

resistivity of the dielectric below the required value for

maximum efficiency, and possibly result in the formation of a

partial or complete short circuit in the device. However,

3 0 the corona discharge itself should naturally reduce or

eliminate contamination of the device.

The need for a high dielectric constant can be

reduced or eliminated by placing the dielectric layer 43 on

the inner surface of the outer electrode 42. Such a device

35 5 0 is illustrated in Fig. 5. Because the electric fields
that occur in the region of the outer electrode 42 are

relatively low compared to those in the region of the center
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electrode 4L, a aieiectric material, navmg ci lower u.xtdjL equine;

constant may be used for the dielectric Layer. This reduces

shunt capacitive losses, while maintaining a limited voltage

drop across the dielectric layer.

5 It is also possible to use, for example, the

exhaust pipe 12 or exhaust shunt 31 as a distant ground for

the corona discharge device, eliminating the need for an

outer electrode. Such a distant ground corona discharge

device 60 is shown in Fig. 6, and only requires an inner

10 electrode 41, preferably, with a sharp or small radius tip to

promote breakdown, a dielectric insulator 43, and a base 47,

which typically includes a ferrule 44 to provide the required

seal and strain relief- Because a distant ground device is

only subject to base loss considerations, such a device also

15 allows the use of dielectric materials having a low

dielectric constant.

It may also be desirable in some applications to

include one or more flame arresters in the design of the

corona discharge device. Such a device is shown in Fig. 7,

2 0 in which a corona discharge device 5 0 having an outer

electrode 42 coated with a dielectric layer 43 is capped with

a flame arrester 48 in the form of a wire screen. Such a

flame arrester will prevent the ignition of exhaust gases

containing fuel and oxygen during engine starts and misfires.

25 However, in some internal or external combustion

engine applications, the ignition of exhaust gases to

initiate partial or complete combustion of residual fuel in

the exhaust gases is desirable, thereby reducing harmful

emissions, such as, e.g., during the cold start phase of the

3 0 engine operation or under conditions where the engine

misfires. Such corona assisted combustion of residual fuel

and hydrocarbons is possible without the production of

additional N0 X due to the low temperature of the combustion

process in the exhaust stream.

35 Under conditions where the engine misfires, the

fuel air mixture will be substantially stoichiometric, and no

additional air is required to initiate combustion of the
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resulting exnausr gas. nowever, miiiace comuusLion 01.
the residual fuel in the exhaust during cold start
conditions, additional air must be added to the exhaust gas
stream upstream of the corona discharge device, as the

5 exhaust gases are fuel rich under those conditions. The
oxygen required for combustion can be provided through
controlled injection of air, either by self pumping, such as
through the pumping action of a Venturi section in the
exhaust pipe, or by an upstream air pump. With a Venturi, a

10 fast acting valve, such as an electro-mechanical valve or a
valve based on MEMS (Micro Mechanical-Electronic Systems)
technology would be required to terminate the air injection
after the cold start period was complete. The rate of air
injection is limited with a Venturi, and, thus, only partial

15 combustion of residual fuel is possible with Venturi pumping.
However, an air pump is not subject to such a limitation, and
can provide sufficient air for complete combustion, of any
residual fuel in the exhaust gas stream.

Where the ignition of exhaust gases by the corona
20 discharge is desired, it may also be desirable to use flame

arresters, such as wire screen to control or limit the
regions of the exhaust stream in which corona assisted
combustion could occur to any of, e.g., upstream of the
corona discharge device, downstream of the device, both

2 5 upstream and downstream of the device, or in a limited volume
in and around the corona discharge device.

Corona discharge devices useful in the present
invention may be of any type that produces a corona
sufficient to form an' effective amount of active chemical

3 0 species, such as hydroxy 1 radical. For example,
representative corona discharge devices, such as those shown
in Fig. 4 and Fig. 5, may be modified sparkplug-like devices,
having a small center electrode 41 with a diameter of about
0.1 to about 0.3 cm. The inner electrode 41, is inserted

35 into and held in place by a hole in the dielectric layer 43

in the base 47. In devices where the dielectric layer 43 is
positioned on the inner surface of the outer electrode 42

,
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the dielectric layer 43 dasicany rorms a cup naving a noie
in its base to position the inner electrode. The outer
electrode has an inner diameter of about l to about 2 cm and
a length of about 1.5 to 3 cm. The dielectric layer has a

5 base and wall thickness of about 1 to about 3 mm, which is

chosen to provide the desired dielectric strength at the
operating voltage of the corona discharge device.

The dielectric layer adjacent to the interior wall
of the outer electrode and the "air gap" between the

10 dielectric layer and the inner electrode are essentially two
series capacitances. Because they are in series, the

currents through the air gap and the dielectric in this
region are equal, and, thus, the instantaneous corona power
dissipation for cylindrical electrodes may be expressed as

15 P; = V;I d = ojC
d -V3

cos(o>t) .

The average power dissipation is then expressed as

v„H
'Q

c

CA v c

-d

20

25

30

35

where Cd is the solid dielectric capacitance, C
g

is the air
gap capacitance, V

5
is the spark breakdown potential, V0 is

the applied voltage, and f = cj/2tt.

This means that, using "spark plug" technology, a

very compact, replaceable corona discharge unit can be
produced, having the required power level.

The outer surface of the outer electrode can be
used to mount the corona discharge device in the exhaust pipe
or manifold, an exhaust shunt path, in an anterior chamber to
the exhaust pipe, a mounting plate on or in one of these
devices, or any other simple means of mounting the corona
discharge device that provides a good exhaust gas seal. This
simple mounting scheme allows easy removal and installation
of the corona discharge device in the exhaust system, and
with a shunt path or slight recess in the exhaust system
represents little or no interference to the main exhaust
flow. In each case, the corona discharge device is placed in
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the exhaust gas or une engine, so unat tne aesirea rree
radicals are produced directly from water vapor, residual
oxygen, and other constituents of the exhaust gas.

The condensation of water during cool down could
5 result in a short out of the corona discharge device, and,

thus, the device is preferably mounted in the top of the
exhaust pipe, so that the electrodes face down, minimizing
the exposure to water during those times when the temperature
is too low to drive off any water. In addition, vibration

10 problems may be avoided by designing the device and its power
supply and wiring to have natural resonant frequencies well
above automobile vibrational frequencies.

As discussed above, the resistive and capacitive
shunt losses of the dielectric layer used to provide an

15 insulating support between the two electrodes of a corona
discharge device are a major consideration in the design of

such a device. Any reduction in shunt capacitance allows
operation of the discharge at higher frequencies at a given
capacitive power loss, and, according to basic design

2 0 principles for a corona device having a power output
proportional to the frequency of the applied voltage, would
allow a more compact design. A more compact design is

advantageous in that it allows the use of a smaller corona
gap, which, in turn, results in a lower breakdown voltage

25 across the gap, and, thus, allows the use of a lower
operating voltage. The lower operating voltage results in

lower resistive and capacitive losses, increasing the
efficiency of the corona discharge device. The smaller, more
efficient corona discharge device will thus require a smaller

30 power supply, which is a major advantage in modern vehicles
where space is at a premium.

A representative design for such a compact corona
discharge device is shown in Fig. 8. Fig. 8 illustrates the
physical components of an efficient compact corona discharge

35 device ao r as well as the important device operating and
device design regions. The illustration, as well as the
dimensions given below, is merely representative of a generic
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that many variants that fall within the scope of the general
design principles illustrated and discussed here.

The key features of the embodiment illustrated in

5 Fig. 8 include a long, thin-walled dielectric insulator 81
that, along with the proper selection of materials, provides
a path of high resistance between the inner 82 and outer 83

electrodes that are supported by the insulator 81. A thin
metal cap 84 is provided as a gas seal. The inner electrode

10 82 may be substantially longer than the outer electrode 83.

In one such embodiment, the inner electrode 82 typically has
a length that is at least about twice that of the outer
electrode 83, and, preferably, at least about 4 times the
length of the outer electrode 83, and the length of the inner

15 electrode 82 is typically about at least about 4 times,
preferably at least about 6 times, the diameter of the corona
discharge device 80, as determined from the diameter of the
dielectric insulator 81. The outer electrode 83 is

mechanically and electrically connected to the base 85 of the
20 compact corona discharge device 80, where the base includes

threads 86 or other similar mounting means to mount the
device 80, such that exhaust gases may enter into the air gap
89. As a result of the difference in the length of the inner
and outer electrodes 82 and 83, the air gap 89 is divided

25 into a corona discharge region 87, i.e., that part of the air
gap 89 where the inner and outer electrodes overlap, and a

ullage volume 88, i.e., that portion of the air gap 89 that
extends from the outer electrode 8 3 to the metal cap 84.

A typical compact discharge device 80 may have an
3 0 outer electrode 83 with a length of about 1 to about 2 cm,

preferably about 1.5 cm, and an inner electrode 82 with a

length of about 4 to about 8 cm, preferably about 5 to about
7 cm, most preferably about 6 cm. The dielectric insulator
81 of such' a device can be constructed from a ceramic

35 material such as Fosterite, and will have a diameter of about
0.7 to about 1.3 cm, preferably about 1 cm, a length of about
3 to about 5 cm, preferably about 4 cm, and a thickness of
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used at a temperature of up to about 900 °C with resistive
power losses of less than about 10% at a maximum operating
voltage of at least about 5,000 V. In a relatively low

5 temperature environment, such as that in an exhaust shunt,
and because of the temperature variation along the ceramic
dielectric insulator 81, an even higher operating voltage is
possible, while maintaining an acceptable power loss. A
corona discharge device of this design would provide about 30

10 to about 5 0 W of power operating at a frequency of about
100 kHz. However, under some transient operating conditions,
such as engine cold or warm starts, more radical production
may be desired. In this case, the corona device would
require operation at higher power levels of up to 200 to 300

15 watts. This transient power condition can be met by
increasing the frequency voltage product to the corona device
by a factor of 5 to 10 for such periods, which typically
range from about 30 to 100 sec. This can be accomplished
through proper corona unit high voltage power system design

20 and the use of control signals from the engine controller or
local startup temperature readings. The long insulating path
and thin walls of the insulator 81, minimize the capacitive
shunt losses to less than about 10%, even for insulators
having a dielectric constant of more than 10 at operating

25 frequencies on the order of about 100 kHz. Such a high
operating frequency allows the use of a very compact high
voltage power supply.

As discussed above, the expression for the power
dissipation in a corona is given by

30 P = 4<vv,.f{v0
- ((cd + c

fi

)/cd )
-v,},

where Cd and C
g
are respectively the capacitance of the

dielectric and the gap in the corona region, V, and VQ are
respectively the spark breakdown voltage of the gap and the
applied voltage to the corona device, and f is the frequency

35 of the voltage applied to the device. Taking values of these
quantities of as Vc = 5,000 V, V, = 3,000 V, Cd

= 6 x 10-12

farad, C
£
« l x 10' 12 farad; then at a frequency of 3 x 10 5 Hz,
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scaled by frequency, applied voltage, or capacitance
(primarily the length of the corona discharge region) . The
output can be controlled by the frequency and/or voltage of

5 the corona device power source.

The spark breakdown voltage is almost directly
proportional to the density of the exhaust gas in the corona
gap region, which is almost directly proportional to the
temperature in the gap region. This breakdown voltage will

10 vary in proportion to the temperature of the gas in the
corona unit, and, therefore, its operating temperature. If,

for example, the design were such that the gas temperature in

the corona unit were half of the exhaust temperature, then
the lower breakdown voltage would increase to 6,000v.

15 Figs. 9 and 10 show two design variants on the
above design. In Fig. 9 the skirt section 91 is lengthened
and extended surfaces 9 2 are employed to augment heat
exchange to the ambient environment. The longer conduction
path along with the heat exchangers provide for cooler

20 operation of the dielectric material 81 in particular, thus
providing for a wider selection of materials or better
performance for this application with satisfactory resistance
and capacitance at the resulting operating temperature. It

has also been observed in tests that the injection of small
25 amounts of air (<10 cc/sec) in a manner that modifies the

engine stoichiometry to permit the operation of the catalyst
at a desired equivalence ration, e.g., by injecting air
upstream of the engine side oxygen sensor, results in no
adverse engine performance or engine/catalyst emission

30 performance. In Fig; 10 a pumping action is provided by the
low pressure produced in a Venturi section 9 5 added to the
exhaust system 96. This low pressure in conjunction with the
orifice 9 7 in the metal cap 8 4 of the compact corona
discharge device 8 0 provides for an air flow of less than

35 about 10 cc/sec, which limits the temperature, cooling the
ceramic dielectric section of the corona device, and aids in

the injection of radicals generated in the corona discharge.
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under normal operauiny cunmtiuiib, uuc cuymc
produces exhaust gas pressure oscillations having a frequency
of about 30 to about 100 Hz and a peak to peak variation of

about 20 to about 80%, depending upon the location in the
5 exhaust system. These pressure oscillations in conjunction
with the ullage volume 88 provide an effective, continuous
pumping action of the radicals and other species" produced in

the corona discharge into the exhaust stream. The pumping
effect of the exhaust gas pumping oscillations for any of the

10 corona discharge devices described above, where the discharge
device 110 is installed at a point on the exhaust pipe 112

where the oscillations occur, in the manner shown in Fig. 11,

where the discharge device 110 is mounted on a simple ,fT" 113

off the side of the exhaust pipe 112. The pumping effect and

15 the total gas motion can be augmented with a plenum 114 as

shown in Figs. 12a and 12b. As shown in Fig. 12a, the plenum
114 may be a separate .extension of the exhaust pipe that is

adjacent to the corona discharge device. Alternatively, the

plenum 114 may be incorporated into the corona discharge
2 0 device, as shown in Fig. 12b, such that high pressure

oscillations in the exhaust force a portion of the exhaust
gas past the corona discharge into the plenum, and low

pressure oscillations in the exhaust force exhaust result in

the exhaust gas in the plenum returning to the main exhaust

25 gas stream enriched with radicals and other active species.

In addition, cooling fins 116 may be added to lower the
operating temperature for the discharge device 110. As noted
above, a cooler operating environment improves the efficiency
of the corona discharge.

3.0 It should be noted that the only requirement of the

preceding embodiments of the present invention is that free
radicals or gaseous and active oxidizing species, in

particular, hydroxy 1 radical, are added to the combustion gas

stream at a point upstream of or at the catalytic converter,

35 for example, the air intake duct to the carburetor or

fuel-injection systems of the combustion chamber, the
air/fuel intake manifold to the combustion chamber, the
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combustion chamber, or the exhaust pipe.

Moreover, while the present invention has been
described in one embodiment with reference to a catalytic

5 converter, it is contemplated that only the high surface area
provided by those catalysts in conjunction with the

introduction of hydroxyl radicals and other active species
would be required to reduce the pollutants in the exhaust
gases of a combustion engine.

10 Although the present invention has been described
with particular reference to its preferred embodiments, it

should be understood that many variations and modifications
will now be obvious to those skilled in that art, and,

therefore, the scope of the invention should not be limited

15 by the specific disclosure herein, but only by the appended
claims.

20

25

30

35
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What Is Claimed :

1. An apparatus for enhancing the rate of a

5 chemical reaction in a gas stream, the apparatus comprising:
at least one heterogeneous catalyst having an

upstream end and • a downstream end, and at least one surface
having a plurality of catalytically active sites on the
surface, the catalyst positioned such that at least a portion

10 of the gas stream contacts at least a portion of the
catalytically active sites on the surface; and

at least one device for producing radicals or other
active species from at least one of water vapor or other
gaseous species, such that the radicals or other active

15 species are introduced into the gas stream at a position
upstream of the downstream end of the catalyst.

2. The apparatus of claim 1, wherein the at least
one device for producing radicals or other active species is

20 positioned within the gas stream, such that radicals are
produced from at least one of water vapor or other gaseous
species directly in the gas stream.

3. The apparatus of claim l, wherein the radicals
25 or other active species are introduced in an amount

sufficient to reduce or eliminate poisoning of the catalyst
by catalyst poisons.

4. The apparatus of claim 3, wherein the catalyst
3 0 poison is sulfur, a sulfur containing compound, phosphorous,

a phosphorous containing compound, or carbon.

5. The apparatus of claim 1, wherein the catalyst
is a part of a fuel cell catalytic reactor, an automotive

35 catalytic converter, or a catalytic combuster.

- 40 -



WO 00/04989 PCT/US99/16402

D. rilt: dppaLauua ^ _l;u x , wuctcui luc ya=
stream is an exhaust stream from an internal combustion
engine.

5 7. The apparatus of claim 6, wherein the internal
combustion engine is a stoichiometric engine.

8. The apparatus of claim 6, wherein the internal
combustion engine is a lean burn engine.

10

9. The apparatus of- claim 6, wherein the internal
combustion engine is a diesel engine.

10. The apparatus of claim 6, further comprising a

15 catalytic convertor, having an inlet and an outlet, and
comprising the at least one catalyst, wherein the catalytic
convertor is positioned such that at least a portion of the

exhaust stream from the engine passes through the catalytic
convertor.

20

11. The apparatus of claim 10, further comprising
an exhaust pipe attached to the inlet of the catalytic
converter, such that at least a portion of the exhaust gas

stream passes through the exhaust pipe to and through the

25 catalytic convertor and the at least one catalyst, wherein at

least one of the catalytic convertor or the exhaust pipe
comprises a fitting for positioning a device for producing
radicals or other active species in the exhaust stream or a

portion thereof, so that a radicals or other active species
3 0 are produced in the exhaust stream upstream of the downstream

end of at least one catalyst in the catalytic convertor.

12. The apparatus of claim 10, wherein the at
least one device for producing radicals or other active

35 species is positioned on top of the exhaust pipe or catalytic
converter

.
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least one device for producing radicals or other active
species is a corona discharge device.

5 14. The apparatus of claim 13, further comprising
a power supply, wherein the corona discharge device and the

power supply each- have a mechanical natural resonant

frequency significantly higher than that produced by the

internal combustion engine.

10

15. The apparatus of claim 10, wherein the corona

discharge device is positioned such that naturally occurring

pressure fluctuations in the exhaust stream provide a pumping
action that forces exhaust gas into the corona discharge

15 device, and scavenges gases containing radicals produced in

the corona discharge from the corona discharge device.

16. The apparatus of claim 15, further comprising

a plenum positioned adjacent to the corona discharge device,

2 0 such that exhaust gas pass from the exhaust pipe, through the

corona discharge, into the plenum, and back into the exhaust
pipe.

17. The apparatus according to claim 10, further

25 comprising a device for injecting air into the exhaust stream

during fuel rich cold start operating conditions, such that

the corona discharge causes the combustion of residual fuel

in the exhaust stream.

30 18. The apparatus of claim 13, wherein the corona
discharge device is a low power corona discharge device.

19. The apparatus of claim 18, further comprising,

a power supply producing no more than about 2 00 watts of

35 power.
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a power supply producing no more than about 100 watts of

power

.

5 21- The apparatus of claim 18, further comprising

a power supply producing no more than about 3 0 watts of

power.

22. The apparatus of claim 10, further comprising

10 an exhaust pipe attached to the inlet of the

catalytic convertor,

a tailpipe attached to the outlet of the catalytic

converter, such that at least a portion of the exhaust stream

passes from the exhaust pipe to and through the catalytic

15 convertor and through the tailpipe,

the tailpipe having an exhaust gas takeoff for

conveying a portion of the exhaust stream to a remote radical

generator, which comprises the at least one device for

producing radicals or other active species in the exhaust gas

2 0 in the portion of the exhaust stream conveyed to the remote

radical generator, and

a remote radical generator output for returning the

exhaust gas containing radicals or other active species from

the remote radical generator to the exhaust stream at a point

25 upstream of the downstream end of at least one catalyst in

the catalytic convertor, where the exhaust gas containing

radicals is injected into the exhaust stream.

23. The apparatus of claim 22, wherein the at

30 least one device for producing radicals or other active

species is a corona discharge device.

24. An apparatus for reducing at least one

pollutant in an exhaust gas stream comprising exhaust gas

35 formed from the combustion of fuel in a combustion gas

stream, which comprises a precombustion gas stream and the

exhaust gas stream, the apparatus comprising:
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downstream end, where the at least one catalyst is positioned
such that at least a portion of the exhaust gas stream passes
through the at least one catalyst; and

5 at least one device for producing radicals or other
active species from at least one of water vapor or other
gaseous species water vapor or other gaseous species
positioned in the combustion gas stream, wherein the radicals
are introduced into the combustion gas stream upstream of the

10 downstream end of the at least one catalyst.

25. The apparatus of claim 24 , wherein the at
least one device for producing radicals or other active
species is a corona discharge device.

15

26. The apparatus of claim 1, wherein the
apparatus is a fuel cell catalytic reformer comprising:

a partial oxidation stage; a catalytic reactor
stage, and a preferential oxidation stage, wherein at least

20 one of the partial oxidation stage, catalytic reactor stage,
or preferential oxidation stage comprises a catalyst.

27. The apparatus of claim 26, wherein the at
least one device for producing radicals or other active

25 species is a corona discharge device.

28. The apparatus of claim 26, wherein the device
for producing radicals or other active species is positioned
within the gas stream.

30

29. A method of enhancing a gas phase chemical
reaction in a gas stream, the method comprising:

contacting the gas stream with at least one
heterogeneous catalyst having an upstream end, a downstream

35 end, and at least one surface having a plurality of
catalytically active sites, such that at least a portion of
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catalytically active sites;

forming radicals or other active gaseous species

;

and

5 introducing the radicals or other active gaseous
species into the gas stream at a point upstream of the
downstream end of the catalyst.

30. The method of claim 29, further comprising
10 introducing the radicals or other active species into the gas

stream whenever the gas stream is in contact with the
catalyst

.

31. The method of claim 29, further comprising
15 forming the radicals with a corona discharge device.

32. The method of claim 31, further comprising
providing power to the corona discharge device with a low
power power supply.

20

33. The method of claim 32, further comprising
increasing the power to the corona discharge device during
startup

.

25 34. The method of claim 29, further comprising
forming the radicals or other active gaseous species from at
least one of water vapor or other gaseous species in the gas
stream.

30 35. The method of claim 29, further comprising
forming the radicals or other active gaseous species in a

remote generator.

36. The method of claim 29, further comprising
35 forming the radicals or other active species in an amount

sufficient to reduce or eliminate poisoning of the catalyst
by catalyst poisons.
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poison is sulfur, a sulfur containing compound, phosphorous,
a phosphorous containing compound, or carbon.

5 38. The method of claim 29, further comprising
introducing the radicals or other active species into the gas
stream of a fuel cell catalytic reactor, an automotive
catalytic convertor, or a catalytic combuster

.

10 39. The method of claim 29, further comprising
introducing the radicals or other active species into a fuel
cell partial oxidation stage, catalytic reactor stage, or
preferential oxidation stage.

15 40. The method of claim 29, wherein the gas stream
is an exhaust stream from an internal combustion engine.

41. The method of claim 40, further comprising
passing the exhaust stream through an exhaust pipe attached

20 to an inlet of a catalytic convertor, wherein the catalytic
convertor comprises the at least one catalyst.

42. The method of claim 40, further comprising
forming the radicals or other active species in an amount

25 sufficient to reduce or eliminate poisoning of the catalyst
by catalyst poisons.

43. The method of claim 42, wherein the catalyst
poison is sulfur, a sulfur containing compound, phosphorous,

30 a phosphorous containing compound, or carbon.

44. The method of claim 40, further comprising
forming the radicals or other active species in an amount
sufficient to remove catalyst poisons from the catalyst.

35
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forming the radicals or other active species with a corona
discharge device.

46. The method of claim 40, further comprising
diverting at least a portion of the exhaust gas stream,
conveying the diverted exhaust gas stream to a remote
generator, forming radicals or other active species in the
diverted exhaust gas stream, and introducing the radicals or

other active species into the exhaust gas stream.
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